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By Jian Feng MA,*1,† Naoki YAMAJI*1 and Namiki MITANI-UENO*1
(Communicated by Teruhiko BEPPU, M.J.A.)
Abstract: Silicon (Si) is the most abundant minerals in soil and exerts beneﬁcial eﬀects on
plant growth by alleviating various stresses. The transport of Si from soil to the panicles is mediated
by diﬀerent transporters. Lsi1, belonging to a NIP group of the aquaporin family, is responsible for
the uptake of Si from soil into the root cells in both dicots and monocots although its expression
patterns and cellular localization diﬀer with plant species. The subsequent transport of Si out of the
root cells towards the stele is medicated by an active eﬄux transporter, Lsi2. Lsi1 and Lsi2 are
polarly localized at the distal and proximal sides, respectively, of both exodermis and endodermis in
rice root. Silicon in the xylem sap is presented in the form of monosilicic acid and is unloaded by
Lsi6, a homolog of Lsi1 in rice. Lsi6 is also involved in the inter-vascular transfer of Si at the node,
which is necessary for preferential Si distribution to the panicles.
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Introduction
Silicon (Si) is the second most abundant
element after oxygen in soil. Because of its strong
aﬃnity with oxygen, in nature Si always exists as
silica or silicate, which are combined with various
metals. Silicon dioxide comprises 50 to 70 percent of
the soil mass. Most soils have Si in the solution
between 100 to 500µM in the form of monosilicic
acid (H4SiO4).1) Therefore, all plants grown in soil
will contain some Si in their tissues although the
Si concentration in the shoots varies considerably
among plant species, ranging from 0.1% to 10% Si in
the dry weight.2)–4)
Si has not been recognized as an essential
element for plant growth. The major reason is that
there is no evidence to show that Si is involved in the
metabolism of plant, which is one of the three criteria
required for essentiality established by Arnon and
Stout.5) However, the beneﬁcial eﬀects of Si on the
growth have been reported in a wide of plant species,
which are characterized by protecting the plant from
various biotic and abiotic stresses.
Si enhances resistance of plants to diseases
caused by both fungi and bacteria in diﬀerent plant
species. For example, in rice, Si reduces the epidemics
of both leaf and panicle blast at diﬀerent growth
stages.6) Si also decreases the incidence of powdery
mildew in cucumber, barley and wheat; sheath blight
in rice; ring spot in sugarcane; rust in cowpea; leaf
spot in bermuda grass and gray leaf spot in St.
Augustine grass and perennial ryegrass.7)
Silicon also suppresses insect pests such as stem
borer, brown planthopper, rice green leafhopper,
whitebacked planthopper and noninsect pests such
as leaf spider and mites (Fig. 1A).3),8) Resistance to
the damage by wild rabbit in wheat is also enhanced
by an increased amount of Si in wheat.9)
Si plays an important role in alleviating various
abiotic stresses including physical stress and chemical
stress.10) For example, Si can alleviate water stress,
climatic stress such as typhoons, low tempera-
ture and insuﬃcient sunshine during the summer
season.2),3),11),12) Excess transpiration from the husk
causes white head, resulting in low fertility in rice
(Fig. 1B), however, Si is eﬀective to protect the
panicles from excess transpiration due to heavy
deposition of Si on the husk. The beneﬁcial eﬀects
of Si under chemical stresses including P-deﬁciency,
P excess, Mn and salt toxicity have been observed in
many plants.3) Mn toxicity in pumpkin is signiﬁ-
cantly reduced by Si application (Fig. 1C).13)
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©2011 The Japan AcademyIn addition to the role of Si in alleviating various
stresses, Si improves light interception by keeping
leaves erect, thereby stimulating canopy photosyn-
thesis in rice.3) This is particularly important in dense
plant stands and when nitrogen fertilizers are heavily
applied, to minimize mutual shading.
Silicon is especially important for healthy
growth and high production of rice,13)–15) which is
able to accumulate Si to over 10% of its dry weight
in the shoots. When Si accumulation is not enough,
the yield is greatly reduced mainly due to decreased
fertility (Fig. 1D, E).15) For this reason, Si fertilizers
are applied in paddy ﬁeld in some countries including
Japan.
All beneﬁcial eﬀects of Si are mostly attributed
to its deposition in diﬀerent organs. For example, Si
is deposited beneath the cuticle to form a cuticle-Si
double layer in the leaf (Fig. 2).3),10) This layer can
mechanically impede penetration by fungi and pest
and thereby avoiding the infection process. There-
fore, to beneﬁt from Si, a high accumulation is
required. In this review, we focus on Si transporters
involved in the uptake, translocation and distribu-
tion, which are identiﬁed in our lab.
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Fig. 1. Examples showing beneﬁcial eﬀects of Si in plants. A, Eﬀect of Si on pest damage. B, Protective role of Si in excess transpiration
of panicles in rice. C, Alleviative eﬀect of Si on Mn toxicity in pumpkin. The plants were exposed to high Mn in the presence (DSi) or
absence (!Si) of Si. D–E, Decreased fertility due to low Si in rice. A–B, D–E, wild type rice (High Si) and a mutant defective in Si
uptake (Low Si) were grown in the ﬁeld. From Tamai and Ma (2008).15)
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Plant roots take up Si in the form of silicic acid
[Si(OH)4]. To identify genes that are responsible for
Si uptake in rice, we isolated rice mutants with a low
Si content. We used tolerance to germanium (Ge) as
an indicator for screening rice mutants defective in Si
uptake. Germanium is an analogue of Si and plant
roots take up Si and Ge similarly. However, once it
is taken up, Ge is toxic to plants, as shown by
the characteristic brown spots on the leaf blades
(Fig. 3A).16) By using this approach, we have isolated
two independent mutants (designated lsi1 and lsi2
for low Si 1 and 2) showing tolerance to Ge from
diﬀerent mutagenized seeds.
lsi1 mutant shows similar growth as wild-type
rice in the absence of Ge (Fig. 3B).16) However, in the
presence of Ge, the growth of lsi1 mutant is hardly
inhibited, in contrast to the wild-type rice, whose
growth is severely inhibited by Ge (Fig. 3C). The Si
uptake of lsi1 is much lower than that of wild-type
rice, indicating that this is a mutant defective in Si
uptake. By using lsi1 mutant, the ﬁrst Si transporter
Lsi1 was identiﬁed by map-based cloning tech-
nique.17) Lsi1 belongs to a Nod26-like major intrinsic
protein (NIP) subfamily of aquaporin-like proteins
and shows inﬂux activity for silicic acid in Xenopus
oocyte. The predicted amino acid sequence has
six transmembrane domains and two Asn-Pro-Ala
(NPA) motifs, which is well conserved in typical
aquaporins. Lsi1 is constitutively expressed in the
roots, but its expression is decreased to one fourth by
Si supply.17) Recently, it was found that Si accumu-
lated in the shoots but not in the roots regulates the
expression of Lsi1.18) Within a root, the expression
of Lsi1 is much lower in the root tip region between
0–10mm than in the basal regions of the root
(>10mm).19) Silicon uptake in the root tip region
(0 to 10mm) comprising both the apical meristem
and the elongation zone is also much lower than that
in the basal regions (>10mm from the root tips).
Therefore, the site of Si uptake is located in the
mature regions of the roots rather than in the root
tips. Lsi1 is localized in the main and lateral roots,
but not in root hairs.17) In the roots including
seminal, lateral and crown roots, the Lsi1 protein is
localized to the plasma membrane of both exodermis
and endodermis,17) where the Casparian strips
prevents apoplastic transport into the root stele.
Furthermore, Lsi1 shows polar localization at the
distal side of both the exodermis and endodermis
cells (Fig. 4A).
Homologs of rice Lsi1 (OsLsi1) have been
identiﬁed in barley (HvLsi1), maize (ZmLsi1) and
pumpkin (CmLsi1).20)–22) However, diﬀerent from
OsLsi1, HvLsi1 from barley and ZmLsi1 from maize
are localized at epidermal, hypodermal and cortical
cells.20),21) CmLsi1 from the pumpkin is localized
at all root cells.22) Interestingly, mutation at the
position of 242 from proline to leucine in CmLsi1
resulted in signiﬁcant decrease in Si uptake in some
pumpkin cultivars due to failure to the localization
at the plasma membrane.22) In contrast to OsLsi1,
the expression levels of HvLsi1 and ZmLsi1 are
unaﬀected by Si.20),21)
The second Si transporter Lsi2 in rice was also
identiﬁed by mutant approach as Lsi1. However,
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Fig. 2. Deposition of Si in rice leaf blade. A–B, soft X-ray image
of rice leave with (A) or without (B) Si. Black dot shows silica
bodies. C, SEM-EDX image of a cross section of rice leaf blade.
Yellow color shows Si deposition under cuticle and bulliform
motor cells known as plant opal.
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Fig. 3. Phenotype of lsi1 mutant. A, Symptoms of Ge toxicity in the leaf of wild-type rice (WT) and mutant lsi1.B –C, Growth of WT
and lsi1 in the absence (B) and presence (C) of Ge. D, Si uptake in the mutant and WT. From Ma et al. (2002).16)
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Fig. 4. Localization of Si transporters in rice. A, Polar localization of inﬂux Si transporter Lsi1 (green) and eﬄux Si transporter Lsi2
(red) in lateral roots. Ex, exodermis; En, endodermis; nuclei stained by DAPI (cyan). From Yamaji and Ma (2011).18) B, Schematic
presentation of Si uptake system in rice root exodermis/endodermis cells.
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in rice.23) Lsi2 belongs to a putative anion transporter
without any similarity with the silicon inﬂux trans-
porter Lsi1. The expression pattern and tissue- and
cellular-localization of Lsi2 is the same as that of
Lsi1,23) but in contrast to Lsi1, Lsi2 is localized at the
proximal side of the exodermis and the endodermis
cells (Fig. 4A). Transport of Si by Lsi2 is driven by
the proton gradient (Fig. 4B).
Similar transporters of Lsi2 have also been
identiﬁed in barley and maize.24) However, ZmLsi2
and HvLsi2 are localized only to the endodermis of
roots in maize and barley without polarity. These
diﬀerences result in diﬀerent pathway of Si from
external solution to the xylem between upland crops
(barley and maize) and paddy crop (rice). In barley
and maize, Si can be taken up from external solution
(soil solution) by HvLsi1/ZmLsi1 at diﬀerent cells
including epidermal, hypodermal and cortical cells
(Fig. 5A). In contrast, in rice, Si is only taken up at
the exodermal cells by OsLsi1 (Fig. 5B). After being
taken up into the root cells, Si is transported to the
endodermis by symplastic pathway and then released
to the stele by HvLsi2/ZmLsi2 in maize and barley
(Fig. 5B). By contrast, in rice, Si taken up by OsLsi1
at the exodermal cells is released by OsLsi2 to the
apoplast and then transported into the stele by both
OsLsi1 and OsLsi2 again at the endodermal cells
(Fig. 5B).
The diﬀerence in the uptake system may be
attributed to the root structures. In rice roots, there
are two Casparian strips at the exodermis and
endodermis, whereas one Casparian strip is usually
present at the endodermis of maize and barley roots
under non-stressed conditions. Moreover, mature
roots in rice have a distinct structure, a highly
developed aerenchyma, wherein almost all cortex
cells between exodermis and endodermis are des-
tructed. Therefore, Si transported into the exodermis
cells by the inﬂux transporter, OsLsi1, has to be
ZmLsi1/HvLsi1 ZmLsi2/HvLsi2
Epidermis Endodermis
Casparian strip
OsLsi1
Exodermis Endodermis
Casparian strip Casparian strip
OsLsi2
Cortex
Aerenchyma
Stele
Stele
Maize/barley 
Rice
Si(OH)4 Si(OH)4
Si(OH)4 Si(OH)4
A
B
Fig. 5. Schematic presentation of diﬀerent Si uptake system in barley/maize (A) and rice (B) roots. From Mitani et al. (2009).21)
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apoplast of a spoke-like structure across the aeren-
chyma. However, in maize and barley roots, there is
no such structure or if any; it is developed poorly.
These diﬀerences in the localization of transporters
and polarity may be one of the reasons for the
diﬀerent Si uptake capacities among species.
Transporter involved in translocation
of Si from roots to the shoots
Following uptake by the roots through Lsi1 and
Lsi2, Si is translocated to the shoot by transpira-
tional volume ﬂow through the xylem. More than
90% of Si taken up by the roots is translocated to the
shoots in rice.3) The Si concentration in the rice
xylem sap could be as high as 20mM. Chemically,
silicic acid polymerizes into silica gel (SiO2·nH2O)
when the concentration of silicic acid exceeds 2mM.
However, Si in the xylem sap is presented in the form
of monosilicic acid.25),26) It seems that silicic acid in
the xylem sap at high concentration is transiently
present because it starts to polymerize in vitro.26)
The transporter for xylem loading of Si has not been
identiﬁed.
Silicic acid must be exported from the xylem to
other leaf cells. Based on similarity with Lsi1, Lsi6
was isolated and found to be responsible for this
process.27) Lsi6 also shows transport activity for
silicic acid. However, diﬀerent from Lsi1 and Lsi2,
Lsi6 is also expressed in the leaf sheaths and leaf
blades in addition to the root tips. Lsi6 is localized in
the adaxial side of the xylem parenchyma cells in the
leaf sheaths and leaf blades (Fig. 6A). Knockout of
Lsi6 does not aﬀect the uptake of Si by the roots, but
aﬀects the silica deposition pattern in the leaf blades
and sheaths.27) There are two types of siliciﬁed
cells in rice leaf blades; silica cells, and silica bodies
or siliciﬁed motor cells (Fig. 2B).3),28) When lsi6 is
knocked out, a part of abaxial epidermal cells was
also observed to be siliciﬁed. Also in the leaf sheaths,
the siliciﬁed epidermal cells were frequently observed
in the knockout line, which are not present in the
wild-type rice. These changes in the knockout lines
are caused by altered pathway of Si due to loss of
function of Lsi6 (Fig. 6B).
Rice is known to produce guttation ﬂuid during
the night, a phenomenon of xylem sap exudation
through hydathodes, which are located near terminal
tracheids of the bundle ends around the margins of
leaves due to positive xylem pressure.29) Knockout of
lsi6 also causes increased excretion of Si in the gutta-
tion ﬂuid in rice due to altered pathway (Fig. 6B).27)
All these observations indicate that Lsi6 is
required for delivering Si to the speciﬁc cells. There-
fore, cell-type speciﬁc siliciﬁcation depends on the
symplastic pathway of Si delivered by Lsi6 rather
than apoplastic pathway.27)
Transporter for inter-vascular transfer of Si
In gramineous plants, minerals taken up by the
roots are not directly transported to the grains but
are redirected at plant nodes.30)–32) Therefore, the
distribution of minerals at the nodes is considered to
be a key step in the selective control of mineral
accumulation in the panicles. At node I beneath
the panicles of rice, there are enlarged large and
small vascular bundles and diﬀuse vascular bundles
(Fig. 7). Large and small vascular bundles come from
the lower nodes and connect to the ﬂag leaf and
are markedly enlarged at the node. Diﬀuse vascular
bundles are parallel to and surround the enlarged
large vascular bundles. They also are assembled in
the upper internode (peduncle) to form regular
bundles, which connect toward the panicle tis-
sues.30)–32) Therefore, inter-vascular transfer of min-
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Fig. 6. Localization of Lsi6 in rice leaf blade. A, Immunostaining
of Lsi6 (red) showing localization at xylem parenchyma cells. B,
Pathway of Si from leaf xylem via Lsi6. From Yamaji et al.
(2008).27)
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vascular bundles is required to deliver minerals taken
up by the roots to developing seeds.
Recently, Lsi6 is found to be involved in the
inter-vascular transfer of Si in rice.33) At the
reproductive stage, Lsi6 is highly expressed at the
node I below the panicles. Lsi6 is mainly localized at
the xylem transfer cells with polarity facing toward
the xylem vessel (Fig. 7). These cells are located at
the outer boundary region of the enlarged vascular
bundles and characterized by large surface area due
to cell wall ingrowth. Knockout of lsi6 decreased
Si accumulation in the panicles but increased Si
accumulation in the ﬂag leaf.33) These ﬁndings
suggest that Lsi6 is required for transfer of Si from
the large vascular bundles coming from the roots
to the diﬀuse vascular bundles connected to the
panicles.
Concluding remark
Three diﬀerent transporters involved in uptake,
xylem unloading and inter-vascular transfer of Si
have been identiﬁed as described above. However,
for transport of Si from soil to the panicles, other
transporters are also required. For examples, trans-
porters for xylem loading is necessary, but remain
unknown. At the node, after unloading Si from
enlarged vascular bundle by Lsi6, some transporters
are required to re-load Si into the diﬀuse vascular.
However, these transporters are unidentiﬁed.
Si taken up is ﬁnally deposited as silica in
speciﬁc cells. For example, in rice leaves, silica is
deposited in dumbbell-like vascular bundles cells,
bulliform motor cells. In rice grain, silica is mostly
deposited in the husk. Therefore, there must be
other transporters for such cell-speciﬁc deposition
Diffuse vascular bundles to panicles
Enlarged vascular bundles : to flag leaf
A
B
Fig. 7. Localization of Lsi6 at the node I in rice. A, Cross section showing localization of Lsi6 (red) at the transfer cells surrounding
enlarged vascular bundles. Enlarged vascular bundles (orange) and diﬀuse vascular bundles (green) are indicated. B, Longitudinal
section of rice node I. Modiﬁed from Yamaji and Ma (2009).33)
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future.
Identiﬁcation of more Si transporters from
diﬀerent plant species is also important. Si accumu-
lation diﬀers greatly with plant species. Comparison
of the expression patterns and localization of Si
transporters from diﬀerent plant species may provide
new insight into diﬀerential species-dependent Si
accumulation.
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